Although small prior studies have suggested that IgE can be low in common variable immunodeficiency (CVID), the workup for patients with recurrent infections and suspected hypogammaglobulinemia does not include the routine measurement of serum IgE. We sought to test the hypothesis that low/undetectable serum IgE is characteristic of CVID by comparing the frequency of low/undetectable serum IgE in healthy controls and patients with CVID. We measured total serum IgE in a large multi-center cohort of patients with CVID (n = 354) and compared this to large population-based cohorts of children and adults. We further compared IgE levels in patients with CVID to those with other forms of humoral immunodeficiency, and in a subset, measured levels of allergen-specific serum IgE and IgG subclasses. Lastly, we evaluated for the presence of IgE in commercially available immunoglobulin replacement therapy (IgRT) products. An undetectable serum IgE (< 2 IU/ml) occurs in only 3.3% (95% CI, 1.9-5.7%) of the general population. In contrast, an undetectable IgE occurs in 75.6% (95% CI, 65.6-85.7%) of patients with CVID. Conversely, a high IgE (> 180 IU/ml) is very uncommon in CVID (0.3% of patients). IgE is > 2 IU/ml in 91.2% of patients with secondary hypogammaglobulinemia, and thus, an IgE < LLOD is suggestive of a primary humoral immunodeficiency. Allergen-specific IgE is not detectable in 96.5% of patients with CVID. Sufficient quantities of IgE to change the total serum IgE are not contained in IgRT. The IgG1/IgG4 ratio is increased in subjects with low IgE, regardless of whether they are controls or have CVID. These findings support the routine measurement of serum IgE in the workup of patients with hypogammaglobulinemia.
Introduction
The differential diagnosis of a patient with recurrent sinopulmonary and cutaneous infections includes primary immunodeficiency disease (PIDD), secondary immunodeficiency, anatomic abnormalities, and underlying atopy. Common variable immunodeficiency (CVID) is the most common lifethreatening PIDD, characterized by antibody deficiency, recurrent infections, and complications including autoimmunity, lymphoproliferation, and hematologic malignancy [1, 2] . Current published diagnostic criteria for CVID vary slightly but include (1) reduction in serum immunoglobulin (Ig)G by greater than two standard deviations below normal; (2) reduction in IgA and/or IgM; (3) abnormal specific antibody production; (4) exclusion of other defined causes of hypogammaglobulinemia; and (5) age greater than 4 years [3] . However, considerable variability exists in the interpretation of these criteria. A wide range of Ig levels exist among published CVID patients, with the majority having IgG levels at diagnosis of < 450 mg/dl [4] and low or absent serum IgA but with IgM levels more variable [4] [5] [6] . Further complicating matters, the lower limit of normal for each Ig isotype varies by age and reference laboratory. The definition of a normal specific antibody response to vaccines, particularly the pneumococcal polysaccharide vaccine, is still widely debated, and no evidence-based international consensus exists on this issue [1] . There is a need for less ambiguous, rapid, low-cost methods to distinguish CVID from milder forms of humoral PIDD or secondary hypogammaglobulinemia (e.g., due to immunosuppressant use or ongoing protein loss in the lymphatics, urine, or stool). This would prevent unnecessary delays in diagnosis and in the institution of Ig replacement therapy (IgRT), which when initiated early in the disease process has been shown to significantly reduce morbidity and mortality in CVID [5, 7] . This would also have the potential to reduce the overuse of IgRT, which is a finite and expensive resource for which demand continues to rise and therefore requires careful stewardship [8] .
Total serum IgE level is not currently routinely measured as part of the workup for patients with recurrent infections, and serum IgE is not considered in establishing the diagnosis of CVID. This has been based on IgE concentrations in nonimmunodeficient subjects being highly variable, due to the presence of atopic disease such as allergic rhinitis, asthma, food allergy, and atopic dermatitis as well as other conditions including parasitic disease. However, prior studies of patients with CVID have demonstrated that the majority have a low serum IgE [9] [10] [11] [12] [13] [14] [15] [16] . It is important to note that these previous studies were performed on small cohorts and nearly one third of the data were generated prior to the introduction of the ImmunoCAP solid phase sandwich immunoassay in 1989, which has greater sensitivity and validity than previously utilized tests. To test the hypothesis that serum IgE is a sensitive and specific marker of CVID, we measured the levels of total serum IgE in a large multi-center cohort of patients with CVID and compared these levels to those in large population-based cohorts of children and young adults. We further compared IgE levels in patients with CVID to those with other forms of humoral immunodeficiency, and in a subset, measured levels of allergen-specific serum IgE and IgG subclasses. Lastly, we evaluated for the presence of IgE in commercially available forms of IgRT. diagnostic criteria [3, 5] , and serum IgE levels were not used as part of this diagnosis. All sera were analyzed for total IgE levels, and allergen-specific IgE was measured in the subset of patients with a total serum IgE > 0.5 IU/ml. Serum IgG subclasses were measured by a Clinical Laboratory Improvement Amendments (CLIA)-certified laboratory in the subset of patients for whom sufficient quantities of serum were available.
A retrospective chart review was performed on outpatients aged 12 years or older seen in the UVA Asthma, Allergy and Immunology Clinic between July 1, 2013, and June 30, 2016, with a visit ICD-9 or ICD-10 diagnosis code corresponding to CVID, X-linked agammaglobulinemia (XLA), or secondary hypogammaglobulinemia (excluding hematologic malignancy) and on whom a serum IgE had been measured on or after the date of their diagnosis of immunodeficiency. IgG subclasses prior to the initiation of IVIG were also recorded when available. The United States Immunodeficiency Network (USIDNET), a program of the Immune Deficiency Foundation, maintains a registry of PIDD patients in the USA and Canada. When queried in March 2017, the USIDNET registry included 307 patients with a diagnosis of CVID on whom a serum IgE level was available. This patient list was pared to include 173 patients from centers not included in the initial cohort, age 12 years or older (to control for the age-related increase in serum Igs), with either a serum IgA or IgM below the normal range. Rates of physicianreported food allergy, drug allergy, environmental allergy/ allergic rhinitis, asthma, eczema, enteropathy, lung disease, lymphoproliferation, granulomatous disease, malignancy, and autoimmunity were recorded.
IgE Measurements
Total and specific IgE antibody levels were measured using the ImmunoCAP 250 instrument per manufacturer's instructions (Phadia Thermo Fisher, Portage, MI). Results were expressed as international units (IU) per milliliter, with 1 IU = 1 kU = 2.4 ng IgE. The assay lower limit of detection (LLOD) was 2.00 IU/ml total IgE. Allergen-specific IgE was measured to d2 Dermatophagoides farinae, e1 cat dander, i6 cockroach, tx1 tree mix, gx2 grass mix, and fx5 food mix.
In a subset of nine patients, serum total IgE was measured immediately prior to and immediately following completion of intravenous (IV) Ig infusion. Total IgE levels in commercial Ig preparations were measured using ImmunoCAP as well as an enzyme-linked immunosorbent assay (ELISA) per manufacturer's instructions (Abcam, Cambridge, MA). The assay LLOD was 0.27 IU/ml total IgE.
Statistical Analysis
To account for oversampling, complex sampling methods, and non-response, weights and survey strata provided with the surveys were used for the NHANES analysis. Weighted prevalence estimates of undetectable and low IgE were calculated using a random effects model using the meta package in R [19] . For the meta-analysis, data from prior to 1989 were also excluded due to differences in assay technique. Betweengroup comparisons of categorical variables were conducted by Fisher's exact test.
Results

Frequency of Low IgE in the General Population
Using data from 964 Swedish students enrolled in the OLIN population-based cohort, the frequency of a total serum IgE < 2.00 IU/ml (below the LLOD of the assay) was 3.8% (n = 37) and the frequency of IgE < 10.00 IU/ml (below the lower limit of normal (LLN) as defined by the UVA clinical laboratory) was 20.1% (n = 194) (Fig. 1a) . Since the OLIN cohort includes participants living north of the Arctic Circle, in a cool dry climate less hospitable to common indoor allergens [17] , it is plausible that there is an enhanced frequency of subjects with lower total IgE in this cohort. Therefore, to validate these findings in a North American cohort, we also queried the NHANES 2005-2006 database [18, 20] , which includes total serum IgE data from a representative sample of individuals > 6 years of age in the US general population. The frequency of total serum IgE below the LLOD in NHANES 2005-2006 was 2.4% (95% CI 1.8-3.3). Based on a random effect meta-analysis with the results of other published large population-based cohorts (Table 1 and Supplemental  Table S1 ), the prevalence of IgE below the LLOD is estimated to be 3.3% (95% CI, 1.9-5.7%).
Frequency of Low IgE in CVID
We next measured total serum IgE levels in our internal cohort of 181 patients with CVID. The frequency of IgE below the LLOD was 74.0% (n = 134), and the frequency of IgE below the LLN was 93.4% (n = 169) (Fig. 1b) . In order to validate these findings, we next queried the USIDNET database. In this cohort (n = 173), the frequency of IgE below the LLOD was 52.0% (n = 90), and the frequency of IgE below the LLN was 81.5% (n = 141) (Fig. 1c) , mirroring the findings of our original cohort albeit with somewhat reduced sensitivity. Taken together as a pooled cohort of patients with CVID (n = 354) compared to controls from the Olin cohort (n = 964), the sensitivity of an IgE below the LLOD for the diagnosis of CVID is 63.3% and the specificity is 96.2% (Fig. 1d ). Based on a random effect meta-analysis with the results of other published large population-based cohorts (Table 2 and  Supplemental Table S2 ), the prevalence of IgE below the LLOD is estimated to be 75.6% (95% CI, 65.6-85.7%). The receiving operator characteristic (ROC) curve based on the pooled cohort identified a serum IgE cutoff of 5 IU/ml as having the most favorable sensitivity (81.9%) and specificity (89.6%).
Frequency of Low IgE in Secondary Hypogammaglobulinemia
We performed a retrospective chart review of outpatients aged 12 years or older seen in the UVA Asthma, Allergy and Immunology Clinic with a diagnosis of CVID, XLA, or acquired (secondary) hypogammaglobulinemia. Similar to patients with CVID, 88.9% of patients with XLA (n = 9) had a serum IgE < LLOD (Fig. 1e) . In comparison, of 34 patients with secondary hypogammaglobulinemia due to medications (including rituximab and systemic corticosteroids), or due to ongoing protein loss (stool, lymphatic, or urinary), only 3 (8.8%) had an IgE < LLOD (p < 0.0001) (Supplemental Fig. S3 ). Thus, an IgE < LLOD is suggestive of a primary humoral immunodeficiency and not typical for secondary hypogammaglobulinemia.
IgG Subclasses and Other Ig Isotypes in CVID
We next compared the performance of IgE for diagnosis of CVID with that of other Ig subtypes including IgA and IgM. We found that the frequency of IgE < 5 IU/ml (86.2%) in patients with CVID was similar to that of IgA < LLN (89.6%) and higher than that of IgM < LLN (78.4%) (Fig. 2a) . There is significant correlation between serum IgE and serum IgA and IgM, as assessed using Spearman rank-correlation coefficient (rho) (Fig. 2b) . Of note, there is a subset of patients with either a normal IgA or a normal IgM (but who have a low IgM or IgA, respectively, and thus fulfill the diagnostic criteria for CVID) who have low serum IgE (upper left quadrants, Fig. 2b ). There is also a significant correlation between serum IgE with serum IgG, suggesting that lower IgE occurs in patients with more severe hypogammaglobulinemia (Fig. 2c) . The generation of IgE has been proposed to occur either via direct isotype switch from IgM or via indirect class switch via an IgG1 or IgG4 intermediate [24] . We assessed the relative concentration of serum IgG1 and IgG4 in healthy controls with IgE ≥ LLOD (n = 15); healthy controls with IgE < LLOD (n = 31); and subjects with CVID on whom serum IgG subclasses were available prior to the initiation of IVIG (n = 27). As expected, there was a significant decrease in IgG1 and IgG4 in subjects with CVID compared to healthy controls (Fig. 3 , left and middle). Interestingly, there was a marked increase in the ratio of IgG1 to IgG4 in those with low IgE (both controls and those with CVID), suggestive of a relative decrease in IgG4 concentrations in patients with low IgE (Fig. 3, right) .
Allergen Sensitization in CVID
Given that a low/undetectable total serum IgE is a prominent feature of CVID, we sought to determine the frequency of specific allergen sensitization. In the subset of 38 subjects with CVID and a calculated IgE of 0.50 IU/ml or higher (values between 0.50 and 1.99 IU/ml are below the assay manufacturer's specified LLOD, but can be extrapolated from the standard curve), serum was tested for presence of specific IgE against a panel of allergens including Dermatophagoides farinae, cat dander, German cockroach, tree mix, grass mix, and food mix. Overall, only 4 of 113 subjects (3.5%) were found to have measurable allergen-specific IgE (range 0.46-3.38 IU/ml) (data not shown), indicating that even in those subjects in whom total IgE production persisted, albeit at a low level, there was an overall inability to detect circulating antigen-specific IgE. In comparison, the prevalence of allergic sensitization in healthy subjects based on NHANES 2005-2006 (as measured by at least 1 positive sIgE to 15 inhalant allergens and 4 food allergens) was 44.6% [18] . Although the rate of self-reported and/or physiciandiagnosed allergy was not available for the de-identified internal cohort, the rate of reported allergy in the USIDNET cohort was as follows: food allergy 6.4%, drug allergy 42.8%, environmental allergy/allergic rhinitis 23.1%, asthma 45.1%, and eczema 12.7%. None of these rates were significantly different in patients with IgE < LLOD compared to those with total serum IgE ≥ LLOD (Supplemental Fig. S4 ).
Frequency of Non-infectious Disorders in CVID
We next sought to evaluate if the presence of IgE < LLOD in patients with CVID characterizes a specific phenotype defined by an increased frequency of non-infectious disorders. We first stratified subjects from the USIDNET cohort based on the presence of IgE < LLOD or ≥ LLOD and then compared physician-reported rates of known complications of CVID, including enteropathy, lung disease, lymphoproliferation, granulomatous disease, malignancy, and autoimmunity.
There was an increased incidence of enteropathy and lymphoproliferation (i.e., lymphadenopathy, splenomegaly) disease in patients with IgE < LLOD (Supplemental Fig. S5 ). The mechanism for this is not clear but could be the subject of future investigation.
Quantification of IgE in Ig Replacement Products
One possible explanation for preserved IgE levels in a subset of patients with CVID on IgRT is the presence of small amounts of IgE in infused Ig product that is rapidly cleared from the serum (but remains bound to the surface of mast cells and basophils) [25, 26] . Current preparations of Ig contain largely purified pooled IgG, with published concentrations of IgA due to a theoretical concern for anaphylaxis in patients with anti-IgA antibodies [27, 28] . Previous small studies of Ig preparations performed in the 1980s demonstrated measurable IgE [29] [30] [31] [32] . However, the amount of IgE contained in current commercial Ig preparations with modern purification methods is not known. Therefore, we tested 49 lots of Ig products using both an IgE ELISA and the ImmunoCAP assay. In all cases, the ImmunoCAP was more sensitive than the ELISA, presumably due to less interference with this assay by concentrated IgG present in the product. The concentration of IgE detected by ImmunoCAP ranged from 0.96 to 23.57 IU/ml (Supplemental Table S6 ). To determine if this quantity of infused IgE had demonstrable effects on total serum IgE, we measured serum IgE levels immediately prior to and immediately post IVIG infusion in nine subjects. In six of nine subjects, there was no change in undetectable serum IgE levels with infusion. In all three subjects in whom there was measurable baseline serum IgE (range 0.29-7.46 IU/ml), there was in fact a slight drop in serum IgE post infusion by a mean of 0.92 IU/ml (data not shown). We suspect that this slight decrease in measured IgE is due to interference of the assay by the high concentrations of infused IgG and is likely clinically insignificant. This suggests that current Ig products are not a significant source of IgE.
Discussion
The results of this study demonstrate that while a low serum IgE is often felt to merely reflect the absence of atopy, in fact a serum IgE <2 IU/ml (the LLOD) occurs uncommonly and is found in only 3.3% (95% CI, 1.9-5.7%) of the general population. In contrast, in a large, multi-center cohort of 354 patients with CVID, 63.3% of patients were found to have an IgE <2 IU/ml. When combined with previously published reports (n = 607) to calculate a pooled estimate using a random effect meta-analysis, the prevalence of an undetectable IgE (<2 IU/ml) in CVID is 75.6% (95% CI, 76.6-85.7%). We would propose the routine measurement of serum IgE (in addition to serum IgG, IgA, and IgM) in the workup of patients with recurrent infections and suspected PIDD, as a rapid, lowcost diagnostic tool. For those patients who fulfill the diagnostic criteria for CVID, the finding of a serum IgE < 2 IU/ml adds to the diagnostic certainty. Conversely, clinicians should be aware that a high IgE (> 180 IU/ml) is very uncommon in CVID (1 of 354 subjects, or 0.3% of the pooled cohort), and consider alternate diagnoses. These data also demonstrate that, in contrast, an IgE <2 IU/ml is not typical for secondary hypogammaglobulinemia due to immunosuppressant use or loss in the stool/urine and occurred in only 8.8% of patients. This is consistent with prior studies of patients with CVID which have shown decreased synthesis of IgE (8% of control synthetic rates) and not increased catabolism [12] . In comparison, patients with excess catabolism or loss of immunoglobulins had normal serum IgE concentrations [10] .
We were unable to detect specific allergen sensitization in 96.5% of patients, with only low titer IgE detected in three patients. This is consistent with a general inability to detect allergen sensitization via serum and/or skin prick testing in patients with CVID, despite many patients reporting symptoms of rhinitis, wheeze, or adverse reactions to antibiotics [13, 14, 16, 21] . We hypothesize that most patients with CVID are unable to generate new antigen-specific IgE and thus are not at risk for the development of new allergic disease. Equally, however, it is possible that since traditional serologic assays are not capable of detecting IgE bound to the surface of long-lived tissue mast cells, these assays could result in the under-diagnosis of allergic conditions in patients with CVID. This underscores the importance for clinicians of exploring alternative explanations when patients with CVID report possible allergic symptoms, and utilizing other methodologies such as provocation challenges for diagnosis when such allergic conditions are suspected. It also emphasizes that measurement of serum IgE as part of the initial workup of patients with recurrent sinopulmonary infections may eliminate the need to pursue additional skin or serum testing to identify allergic sensitization, which can be costly and timeconsuming for patients.
The mechanism underlying the high prevalence of undetectable IgE in CVID is not clear. Our data demonstrate a relative decrease in IgG4 in both patients with CVID and controls with low IgE. Low IgE often occurs along with decreased levels of IgA, IgG2, and IgG4 [15, 21, 33] . Interestingly, these are the most downstream immunoglobulin heavy chain loci on chromosome 14, with IgA1, IgG2, IgG4, IgE, and IgA2 occurring in sequential order [34] . This could be suggestive of an underlying isotype switch defect in patients with CVID, as has been previously demonstrated for a small subset of patients with CVID and mutations in TACI, ICOS, CD40L, and BAFFR and further seen in patients with phenotypic impairments in isotype switching of unknown genetic etiology [35, 36] .
The clinical significance of a low IgG and IgE in the setting of a normal IgA and IgM is not yet established, and thus, whether IgE adds further sensitivity in the diagnosis of CVID is not known. Similarly, the significance of an isolated low IgE (termed Bselective IgE deficiency^) is unknown and thus IgE deficiency is not currently included in the consensus classification of PIDD [37] . Interestingly, selective IgE deficiency has been associated in small cohorts with a significantly higher prevalence of sinopulmonary infections, Helicobacter pylori-associated gastritis and ulcers, chronic fatigue, and autoimmunity, similar to patients with CVID [21, 23, 38] . Whether selective IgE deficiency is an early marker of evolving CVID, or occurs only in patients with established CVID, is not known based on this crosssectional study of subjects but is the subject of current investigation. If subjects who are IgE deficient do in fact have a defect in isotype switching that underlies their low IgE, it is possible that this could evolve into a more global defect affecting other isotypes, similar to what is seen with patients with selective IgA deficiency that evolve into CVID [36] . Also of interest would be to evaluate the response to polysaccharide vaccination (either with the Salmonella typhi polysaccharide vaccine or the 23-valent pneumococcal polysaccharide vaccine) in patients with reduced IgE, either alone or in combination with a low IgG. It is our own experience, as well as the experience of others, that subjects who are incidentally found to have IgE deficiency should be screened for symptoms suggestive of immunodeficiency (i.e., recurrent infections, autoimmunity), and if such symptoms are present, other serum Igs should be measured. This has proven to be a useful strategy that can lead to the identification of patients with PIDD that would otherwise not be diagnosed [15] . Largerscale studies of the cost-effectiveness of this approach on a system-wide basis need to be performed.
